Hexagonal boron nitride (h-BN) is a layered two-dimensional material with properties that make it promising as a dielectric in various applications. We report the growth of h-BN films on Ni foils from elemental B and N using molecular beam epitaxy. The presence of crystalline h-BN over the entire substrate is confirmed by Raman spectroscopy. Atomic force microscopy is used to examine the morphology and continuity of the synthesized films.
carrier mobility in graphene supported by h-BN when compared to SiO 2 . 3, 5, 6 Furthermore, h-BN is isomorphic to graphene with a small lattice mismatch of 1.7%, which is commonly regarded as a prerequisite for the growth of defect free epitaxial heterostructures. The structural similarities between the two materials also allow for a second type of heterostructure in which graphene and h-BN are incorporated in a single, laterally patterned monolayer, offering yet more intriguing possibilities. 7, 8 Hexagonal boron nitride's large direct band-gap, low dielectric constant, outstanding thermal, mechanical, and chemical stability [9] [10] [11] [12] [13] add to its attractiveness for various other research and technological uses.
Similar to graphene synthesis, optimizing the crystalline quality of h-BN films and establishing control over their thickness while using a scalable synthesis method has proved challenging. Chemical vapor deposition (CVD) is the most thoroughly explored method for the growth of h-BN films. The synthesis of mono-and few-layer h-BN by CVD on catalytic single-or polycrystalline transition metals such as Ni, [14] [15] [16] [17] Cu, 18 and Pt 19, 20 has been reported.
Moreover, using metal organic precursors, synthesis of thicker films of h-BN on dielectrics such as Al 2 O 3 and 6H-SiC has been achieved. 21, 22 Different forms of physical vapor deposition (PVD), such as pulsed laser deposition, 23 and reactive magnetron sputtering, 24 have also been used for h-BN thin film growth. While these studies exhibit the progress being made in h-BN growth, a single scalable synthesis method which combines highcrystalline quality with absolute thickness control remains elusive.
Among the various approaches to synthesizing h-BN films, molecular beam epitaxy (MBE) offers precise control over growth conditions. Whereas CVD growth relies on the decomposition of a molecular precursor, the rate of which may change dramatically with the exposed surface area of the catalytic substrate, 25 MBE faces no such constraints. The absence of catalytic processes in MBE growth is crucial for vertically stacked heterostructures, where the non-catalytic surfaces of graphene, h-BN or other dielectrics will serve as substrates for growth. The precise fluxes and resulting growth rates also offered by MBE facilitate the deposition of sub-monolayer films, making the production of laterally patterned monolayer heterostructures feasible. Similar considerations make MBE ideal for fundamental studies of h-BN crystal growth, the results from which may also benefit synthesis by other methods.
However, despite the sub-monolayer precision it allows, the few existing reports of boron nitride growth by MBE focus on the cubic phase or thicker h-BN films for optoelectronic purposes. 26, 27 flow, which resulted in a chamber pressure of 1.1×10 -5 mbar during growth. The resulting h-BN films were then characterized using Raman spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy (SEM). Synchrotron-based x-ray reflectivity (XRR) was used to extract the average film thickness.
The growth of crystalline h-BN on the Ni substrates was first confirmed using Raman spectroscopy. hours (at 730 °C). The Raman spectra are superimposed to a relatively strong background originating from the Ni substrate. For the spectra shown in Figure 1 , this background signal has been subtracted (a spectrum before background subtraction is illustrated in the inset of Figure 1 ). Figure 1 also depicts a spectrum from commercially available h-BN powder for comparison. Note that for the cases of 3 hours synthesis, isolated h-BN islands grow on the Ni surface (see Figure 4 and detailed discussions later), while for the 5 hour long growth a closed film is formed.
The latter is confirmed by the uninterrupted observation of the h-BN Raman signal over the entire substrate surface.
Regardless of the surface coverage, the sharp peak observed in all spectra, which arises from the doubly degenerate in-plane optical phonons of h-BN with E 2g symmetry, is indicative of high-quality h-BN. 28 This peak showed slight width variations in numerous Raman measurements, ranging from 10 cm -1 to 18 cm -1 . The intensity of the peak exhibits some variations, likely as a result of an inhomogeneous thickness distribution. The average peak height to background ratio for the continuous films is 0.18, while for the ramified and triangular islands this value is 1.1 and 3.7, respectively. Since the intensity of the background originating from the underlying Ni is always on the same order of magnitude, the variation in the relative intensity of the characteristic h-BN peak to the background reflects a change in the volume of h-BN being probed. Finally, we also observed small shifts in the peak position for the different types of h-BN structures. Variation in strain is a potential explanation for the observed shifts. Using shorter duration depositions we were able to gain insight into the nucleation and growth behavior of h-BN prior to the formation of a closed film. Growth times of 3 hours or shorter produced discrete regions of h-BN which were easily identifiable by SEM (Figure 4 ). While the atomistic growth mechanism of h-BN on Ni is unknown, a close examination of the island structures offers some clues to their origin. For instance, the h-BN islands typically include a small region of prominent contrast at the approximate geometric center of the island, possibly marking a surface defect at which the island nucleated heterogeneously. Heterogeneous nucleation has also been observed previously during the growth of other two-dimensional materials, such as graphene. 34 The surface imperfections at which nucleation occurs here may be clusters of excess surface B, or possibly isolated regions of the intermetallic Ni 3 B phase. 35, 36 The morphology of the h-BN islands changes dramatically with the growth temperature ( Figure 4 ).
Hexagonal boron nitride islands grown at a substrate temperature of 730 °C have a distinct "star"-shape, with multiple elongated lobes extending from a common nucleation site over few-micron lengths. With the same growth duration but a 835 °C substrate temperature, the h-BN instead forms smooth, compact, approximately triangular islands which are almost an order of magnitude larger. However, isolated regions with shapes other than those depicted in Figure 4 have also been observed, possibly due to changes in h-BN growth behavior on different crystallographic orientations of Ni. It is interesting to note the superficial similarities between the star-shaped h-BN islands formed on Ni and the morphology of graphene growing on (001) oriented grains in Cu foils. The fairly consistent orientation of the long-axes of the h-BN island lobes is a particularly striking detail to have in common with graphene islands on Cu.
In the case of graphene on Cu, the island shape results from a complex interplay between the attachment limited growth mode, the polycrystalline island structure, and the substrate surface crystallography. 34 Whether the h-BN island shape observed here is caused by analogous growth phenomena remains an open question. The star-shaped islands could, for instance, be the product of dendritic growth where the adatom diffusion length is of the same order of magnitude as the island size. Indeed, the dramatic transformation in island morphology with growth temperature is more consistent with this possible explanation.
The morphology of the larger, compact h-BN structures grown at higher substrate temperatures also has precedent in the literature. Triangular h-BN islands have been reported for CVD grown h-BN on both Ni 16, 17 and Cu 18 substrates, and theoretical calculations suggest this is due to the lower free energy of the N-terminated crystal edge. 37 However, because of their significantly larger size, multi-layer thickness, random orientation, and deviation from perfectly triangular shapes, it is unlikely that the preference for a given edge termination fully explains the morphology presented in Figure 4c . Rather the dramatic change in island morphology likely results from an interplay between kinetic factors, such as increased adatom diffusion, in combination with the energetic anisotropy of the edge structure. Contrast variations in the interior of the large island in Figure 4c reveal its layered structure. As the secondary electron intensity emitted from h-BN scales linearly with the number of layers, 38 each observable variation likely marks the perimeter of an additional layer. The multi-layer thickness imaged by SEM corroborates the Raman analysis (see Figure 1) , in which the highest peak height to background ratio (~ 3.7) was obtained for this type of island.
In summary, we report the growth of atomically thin h-BN films on Ni foils by MBE using elemental B and N. In these experiments, films were synthesized at substrate temperatures ranging from 730 °C to 835 °C over 3 to 5
hours. The presence of crystalline h-BN was confirmed by Raman spectroscopy, which revealed a sharp peak at ~1365 cm -1 . AFM was used to examine the surface morphology of the grown films, and revealed two distinct features which were omnipresent over the entire film: a cellular array of linear features identified as wrinkles, and a second rougher type of ridge. The rougher, "dotted" ridges appear to originate from a different, as yet unknown mechanism. Using shorter growth times we were able to gain insight into the nucleation and growth behavior of h-BN before forming a closed film. According to SEM imaging, the morphology of sub-monolayer islands evolves from ramified and "star"-shaped to much larger, smooth and triangular islands with increasing growth temperature.
Scanning electron micrographs also clearly show a small region of prominent contrast in the center of the grown islands, suggesting that the h-BN may have nucleated heterogeneously. Further investigations aiming at the elucidation of the nucleation and growth mechanisms are in progress. The present results serve to demonstrate the potential of MBE as a technique for realizing the controlled growth of continuous h-BN layers over large areas.
